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Abstract 
The periodic inspection and evaluation of components and systems is paramount to ensure they stay reliable throughout their service life. These 
tests which occur during the operation of the equipment serve as a means of performance assessment, failure analysis and prevention, 
monitoring, reliability analysis or could be applied to life cycle prediction. This paper documents the methodology and findings of an MSc 
group project involved in developing a portable non-destructive inspection system for inaccessible areas using pulsed thermography. In 
addition to being a fast and inexpensive inspection technique it also allows sub surface inspection in a wide range of materials. The resulting 
system is capable of identifying service damages in metals and composites and will lead to time and cost savings through in-service inspection. 
It proves the feasibility of adapting pulsed thermography for inspection of inaccessible areas by integrating a mirror based system. The use of 
this system has been demonstrated in the inspection of a train axle. Possible sources of error have been identified and recommendations for 
future improvements have been made. 
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1. Introduction 
The periodic monitoring and assessment of plants, 
equipment and systems are usually carried out in the form of 
inspections or tests to control quality. They are a crucial and 
necessary success factor as optimal utilization of these plants 
and equipment prove a valid return on investment. Various 
forms of visual or physical inspection to identify and 
characterize damages exist. These tests, which occur during 
the operation of the equipment, could serve as a means of 
service damage identification, failure analysis and prevention, 
condition monitoring, reliability analysis or could be applied 
to life cycle prediction. Service damages could include surface 
delamination, impact damage, crack, corrosion and wear. 
Where it is impossible by other means or dangerous for 
humans to access areas of interest, the equipment may be 
stripped down to expose these parts.  
In capital intensive industries such as the automotive, 
aerospace and defense industries where strip down may not be 
practical, other forms of remote or non-destructive inspection 
must be carried out. A substantial amount of time and money 
is spent in carrying out the appropriate non-destructive 
techniques as remaining unaware of the extent of damage in 
these areas can be disastrous. This is an important driver for 
the ever-growing demand for faster and more cost effective 
non-destructive inspection solutions.  
The main aim of this project was to design and build a 
portable thermographic non-destructive inspection system 
capable of inspecting service damages in inaccessible areas of 
equipment. 
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This system will reduce the time and cost losses incurred 
from grounding, striping down and transporting plants or 
equipment to be inspected. The significant time and cost 
savings of the system was the rationale for this project. This 
project has been sponsored by the EPSRC Centre for 
innovative manufacturing in through-life engineering services. 
The developed thermographic non-destructive inspection 
system explored application in Bombardier Transportation.  
2. Research methodology 
The essential methodologies adopted in the past non-
destructive developments are characterized by the presence of 
a phase of iterative laboratory tests and experiments [3, 4, 5, 
6]. The following study utilized qualitative research methods 
as emphasis was laid on proving the basic concept of the 
system. New product development processes were compared 
and concept development and testing stages that proved 
critical or advantageous were modeled. This methodology 
features five distinct phases which were signified by 
appropriate approval of objective deliverables by the project 
sponsor. Experimental studies, constant direct interaction with 
the sponsor and expert consultation were key attributes of the 
chosen methodology. 
First of all, the preliminary planning tasks involved team 
building, safety briefing and project definition. A project brief 
was realized out of this phase. Then, the concept definition 
marks the process involved in translating the voice of the 
customer into product requirements. It consists of the state-of-
the-art review, the stakeholder study and the market survey. 
Next, the project has been divided into two iterative phases of 
prototype development: the prototype design phase and the 
prototype build and test phase. The prototype design phase 
was established to deliver a CAD drawing which would be 
implemented in the prototype build and test phase. It is 
composed of the concept set generation, the optimal solution 
selection and the design and sponsor review. The prototype 
build and test phase is made of the prototype simulation and 
controlled experiments. To conclude, the validation consists 
of industrial tests and results analysis.   
3. State-of-the-art 
Through the study of a number of non-destructive 
inspection techniques, thermographic inspection has set itself 
apart as a safe, fast, non-intrusive, inexpensive means of 
subsurface inspection in a variety of materials. Its inability to 
inspect inaccessible areas was examined with the aim of 
developing a system capable of achieving this task.  
3.1. Non-destructive testing 
Generally, Non-destructive inspection (NDI) refers to the 
ability to test a product without damaging its final use. 
Resulting from the obvious time and cost benefits, a number 
of methods of non-destructive inspection techniques, which 
find applications in science and industry, are constantly being 
developed [4, 8, 10, 14]. Some of the commonly used 
techniques include radiographic inspection, ultrasonic 
inspection, eddy current inspection, magnetic particle 
inspection and liquid/dye penetrant inspection [18]. All the 
non-destructive inspection techniques have their individual 
strengths and limitations. 
3.2. Infrared thermography 
Thermography relates to infrared thermal imaging and 
involves converting a scene’s thermal radiation pattern into a 
visible image. It offers non-contact, wide area detection of 
sub-surface damages in metals and composites. 
Thermography can be used as an alternative or a complement 
to standard inspection procedures [11] 
Thermographic non-destructive inspection is deployed in 
two ways: by the passive approach; where a simple 
observation of the isotherms on a material’s surface which are 
naturally at different (often higher) temperature than ambient, 
or by the active approach; where an external energy source is 
required to stimulate the thermal response of the test material 
[12]. The three classical active thermography techniques are 
lock-in thermography, vibrothermography and pulsed 
thermography [8]. Past experiments reveal that the kind of 
damage to be inspected is important when choosing a 
technique. If damage depth is not known, pulsed 
thermography might be the answer [10]. Pulse or pulsed 
thermography (PT) is one of the simplest and fastest non-
destructive inspection techniques. A brief thermal stimulation 
is required on the specimen being inspected and the resulting 
temperature decay curve is recorded. Although PT is affected 
by a variety of problems such as reflections from the 
environment, variations in emissivity, non-uniform heating, 
and surface geometry variation, it is possible to reduce the 
impact of some or all these problems [8]. 
3.3. Endoscopes 
Endoscopes are widely used in medicine today to reach 
internal and inaccessible areas of the body because of their 
flexibility and their small size [9, 16, 2, 19]. They are also 
applied in industry to facilitate visual inspection. 
Investigations were made to understand how their design 
could guide the development of the built thermographic 
system. 
Several design problems are highlighted in the literature 
concerning the design of an efficient endoscope to create a 
good observation of the object. Traditional flexible 
endoscopes (optics within the visible spectrum) have to cope 
with trade-offs concerning the field of view, the resolution of 
the image, and the pixel detectors of the camera.  In order to 
resolve this issue, a single fibre flexible endoscope was 
created in 2001 [17]. In this case, an image plane is no longer 
required and the resolution is as wide as the field of view. 
Eight years later, the same team proposed a mechanical 
resonance based scanning endoscope. This MEMS 
(Microfabricated mirrors based on micro-electromechanical 
systems) scanner uses micro electro-mechanical structures 
used to build micro components. MEMS have been applied to 
the endoscope technology since 2003 and are considered as 
facilitators of the endoscopic beam scanning.  
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The degrees of freedom of endoscopes and their manual 
utilization are also of concern when seeking to design such 
equipment. De Sars (2010) proposed the utilization of the 
shape memory alloy (SMA) wires (Nickel-Titan alloy) [5]. 
This structure has two degrees of freedom and the maximal 
bending angle is about 100°. The contraction of the wires is 
obtained by increasing the temperature, due to an electric 
current. 
In 2007, Fu states that the two qualities of the optical fibres 
are their mechanical flexibility and their compact size. Non-
linear endoscopy is still in its early stage of development. 
Laser methods and micro-optics are the two main fields to 
explore in the future. Fibres such as the Innovative 
Polycrystalline IR-fibers (PIR-) are very promising in 
endoscopy use. They cover the range from 4 to 18 
micrometres and allow dealing with temperatures from 5K up 
to 600K [1]. They are made of pure AgCl:AgBr solid solution 
crystals making them flexible and non-toxic. 
Unfortunately, the literature lacks a model or tool that 
offers a systematic way to optimize this development and 
improve the probability of detection (POD). Endoscopes are 
widely described in the literature review, especially for 
medical use; nevertheless, this technology is not currently 
associated with pulsed thermography. This also constitutes a 
gap in the literature review. 
4. Prototype development 
The design choices were guided by the characteristics and 
technical specifications. The general characteristics of the 
prototype to be integrated with the Thermoscope II demanded 
an ability to inspect metals and composites in inaccessible 
areas and a one meter long optic fibre able to transmit IR 
radiation. The requested behaviour of the engineering system 
needed to achieve the following technical specifications: 
x  Minimum damage size: 0.5mm 
x Maximum inspection surface area: 100mm diameter 
x Energy to be delivered Ĭ 2.5 kJ/m2 
x Wavelength range for the IR camera: 8 to 14 μm  
x Temperature range: 66.16 ˚C to 113.22˚C 
x Cost: £1000 without the camera 
4.1. Study of the different possibilities to guide IR 
The first option considered to guide the IR light from 
inaccessible surfaces to the path of the camera was optic 
fibres due to its flexibility. There are two types of optic fibres 
able to transmit a wavelength between 8-14 μm: PIR 
(Polycrystalline Infrared) fibre and Hollow Optic fibre. On the 
one hand, PIR optic fibres cannot be used because to have the 
required resolution, 45,375 fibres would be needed and the 
cost would be £6,942,315.30. The budget of the project only 
permits six fibres to be bought. Therefore the resolution 
would be 46mm, which is not enough. On the other hand, the 
possibility of using hollow optic fibres was also considered. 
However, this option had to be ruled out because of the 
limited maximum bending radius of this fibre (40cm) and 
because of the significant power drop.  
Once the possibility of using optic fibres was rejected, the 
use of IR mirrors was considered. These mirrors are coated in 
aluminium, gold or silver and can reflect wavelengths up to 
20 μm. The use of one mirror to change the direction of the IR 
rays by 90º was studied. It was decided to use a gold mirror 
because it has a high reflection rate (around 96%) for IR 
radiation. Several experiments including trying to obtain a 
clear IR image reading through the reflection of the mirror 
placed at 45° (in relation to the lens of the camera) were done. 
It was concluded that it worked as expected with negligible 
losses of resolution. This was a viable way of guiding IR 
radiation to the camera if the distance matches the focal 
distance that is 30cm. 
The aperture of the tube has to be covered so that the 
mirror and the camera mounted inside the tube are protected 
from unwanted outside particles. To do so it was decided to 
use an IR window. There are IR windows made of several 
materials. After evaluating the different possibilities it was 
determined to use a Sodium Chloride window because of its 
transmission which is about 90% (considering the wavelength 
range of 8 to 14 μm). 
4.2. Study possibility of using a small IR camera 
It was decided that the best way to inspect inaccessible 
areas using thermography was to buy a small IR camera that 
could be placed close to the area that has to be inspected. The 
cameras considered have an uncooled microbolometer sensor 
array. Three companies were studied: L3 communications, 
Thermoteknix and FLIR. Their cameras did not fulfill our 
requirements because they were not equipped with a camera 
link or were not compatible with the software Mosaiq, 
currently used in the EPSRC Centre. Ultimately, the camera 
that came with the Thermoscope II system was selected 
because it was already available and fully operational in the 
laboratory. Despite the considerably large overall physical 
dimensions of the camera (70x70mm), it was the best option. 
4.3. Energy sources 
The following options were considered: hot air, cold air, 
LED (normal and IR), flash lamps, halogen lamps. After 
different experiments using each method, it appeared that cold 
air was the best option in the framework of our project. 
Experiments with a freezing spray (able to reduce the sample 
temperature down to 4°C in 1 second) confirmed that the 
image was better defined with the use of cold air, and 
delivered quicker results. We were also able to identify 
smaller sized features both on the surface and subsurface (1-
2mm deep). 
5. Final prototype 
The final prototype is shown in Fig.1 and consists of a 
Xenics Gobi 384 infrared camera screwed to a hollow PVC 
tube of 68mm diameter and 2m length. The camera is 25mm 
away from the gold-coated mirror angled at 45º which is also 
45º from the sodium chloride window. The mirror is 
supported by a piece of cork. The window protects the mirror 
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from impurities while a lens protector slides above the camera 
to allow the lens to be adjusted and protected. The cooling 
pipe which is integrated with a freezing spray is the mean of 
transporting the energy excitation source (cold air).  The 
components can be summarized as follow: 
x Gold-coated mirror (50.8mm diameter, 12.0mm thickness 
and >96% reflectance) 
x Sodium chloride window (50mm diameter, 5mm thickness 
and >90% transmitivity) 
x Xenics camera (spectral band : 8 -14 μm, resolution: 384 x 
288 pixels, pixel size : 25 μm, f/1 lens, focal length: 18 
mm, horiz.field of View (HPOV) : 25.5˚, NETD : ı50 
mK at 30˚ C, uncooled microbolometer) 
x Detachable camera, mirror and window to allow the easy 
maintenance 
x Cooling pipe, endoscope, lens protector, axle guides 
 
 
Fig. 1. Cross-section of the final prototype. 
 Lastly, to facilitate the guidance of the prototype through 
the axle, an endoscope was attached to the outside of the tube 
so that the place that was being inspected could be seen with 
visible light. To guide the tube through the axle, it was 
decided to place three foam cylinders around the tube. The 
pictures of the final prototype and the final CAD drawing are 
shown in the Fig. 2 and Fig. 3. 
 
 
Fig. 2. Overview of the final prototype 
 
Fig. 3. CAD drawing of the final prototype 
The prototype described above was designed to be 
integrated with Mosaiq software. This software, patented by 
Thermalwave, uses thermographic signal reconstruction to 
provide images captured of different depths of the sample that 
is being inspected. Therefore, it makes it possible to infer the 
depth of the degradation in addition to detecting the damages 
in the subsurface. To use this software, the camera has to be 
connected to the computer via Camera Link, for which the 
Xenics camera used is compatible. 
6. Prototype development 
6.1. Laboratory tests 
In order to concoct repeatable experiments, sample pieces 
were designed. Two of them were flat sample plates, made of 
steel and aluminium. One side of these plates simulates 
damages with circle shape while the other side is free of 
damages and constitutes the inspection side. The holes have 
known dimensions of 32, 16 and 8mm diameter. It is 
important to underline that active thermography allows 
inspection of subsurface damages. So the energy is sent to the 
inspection side to detect damages that are 1mm deep. Hot and 
cold air sources were explored to send energy to the object. In 
order to make the final decision, experiments were carried out 
with the same mirror and the same installation. 
 
 
Fig 4. Comparison of IR images obtained with hot air (left) and cold air 
(right) excitation 
Fig. 4 shows that cold air allows a more accurate detection 
of the damages with a better resolution. The difference 
between the two results is also due to the way that energy is 
sent. While a heat gun with a large muzzle was used for hot 
air excitation, a thin pipe was used for the cold air excitation. 
In the second case, the energy is better focused on the 
inspected region and the energy dissipates less. 
6.2. Industrial application venture 
Field visits were made to Bombardier’s maintenance site 
and discussions with technical representatives took place. One 
of the issues raised was the difficulty in inspecting hollow 
axles (see Fig. 5). 
 
 
Fig. 5. Standard gauge axle at Bombardier 
These axles are made with forged steel and are 6 cm thick. 
Presently, the company uses the ultrasonic test method to 
inspect these axles. Tests are periodically performed on 
calibrated gauge axles with known damages to evaluate the 
performance of this test method. The technical representatives 
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expressed keen interest in changing this method as they 
perceived its efficiency on the test piece to be random. 
The prototype was intended to be tested inside the 
calibrated axle but the damages were on the outside surface of 
the axle and about 6cm from the interior wall. After over 200 
tests, it was concluded that there is no damage on and around 
the inner surface. 
6.3. Cylinder tests 
After inconclusive tests on the test object simulated on site, 
a 1cm thick steel cylinder was manufactured to simulate an 
inspection of a train steel axle. This test piece contained holes 
of different diameters that were machined in the outer surface 
of the cylinder. The holes is at a depth of 1mm from the inside 
surface. Two sets of holes were made on the cylinder; one set 
contained no rust and another with rust. Holes with the same 
dimensions were made in both parts to see what influence the 
presence of rust had. The cylinder is shown in Figure 6 below. 
The cylinder is 10mm thick, 200mm long and is 90mm 
diameter. 
 
 
 
 
 
 
Fig. 6. Forged steel round test cylinder. 
Tests carried out on this cylinder produced good results 
and can be seen in Figure 7 below. 
 
 
 
 
 
 
 
 
 
Fig. 7. Cylinder tests : with rust (left) without rust (right) 
The experiments show that the results were slightly better 
in the rusty area (which behaved like a coating). The 
technique is also successfully applied to composite material 
plates. 
7. Error estimation 
After building the prototype, it was important to know how 
precise and accurate the measurements were. The built 
prototype is for active thermography applications. Although 
Minkina and Dudzik explained how to evaluate errors for 
passive thermography, this project’s case required a totally 
different approach [20]. 
To do this, ten samples with five measures of the diameter 
of a 16mm diameter hole on a flat coated steel plate have been 
studied. This hole is 1mm under the surface. The same 
procedure has been repeated for the ten samples. In addition, a 
map of potential error sources was drawn. It spots with twenty 
five % probabilities of errors related to the different parts of 
the prototype (focal distance of the camera, position of the 
mirror…) and its environment (ambient temperature, 
humidity...). 
To calibrate a measurement on the software, a picture of a 
ruler was taken to establish the scale. The width of the marks 
on the ruler (0.2mm) is in itself a potential source of error. 
Another variable was the contrast. Indeed the size of one pixel 
is 0.25mm and the border of the circles on the samples is 
blurry. The measure is approximate on 4 pixels. This is why 
an initial tolerance of ±1.2mm has been set. A box plot has 
been drawn for the 10 circles and shows the spread of each 
sample. It displays the randomness of the measure. The 
nominal value of the circle is 16mm diameter. It has been 
impossible to obtain a perfect circle. Nevertheless it has been 
possible to detect this damage and to estimate its size. Some 
measures allows the detection of the right shape (perfect 
circle) but with wrong dimensions while others allows the 
detection of the right dimensions but the shape is not accurate. 
The main issue concerns the cooling system. There is a 
problem with the steam of gas as it is not spread uniformly 
and it could hide the clarity of the damage on the picture 
taken. It also proves problematic to synchronize the cooling 
system with the image capture of the software. It is currently 
done manually and it takes more than one try to be 
synchronized. The repeatability of the process is also an issue. 
The amount of steam dispersed is never the same and the ideal 
synchronization is hard to repeat. 
8. Discussion of results 
A thermographic NDI system capable of inspecting 
inaccessible areas for service damages (such as surface 
delamination) has been demonstrated by a working prototype. 
Laboratory tests show that the main difficulty is in applying 
the energy swiftly and evenly on the test surface. Increasing 
the field of view by increasing the size of the mirror produced 
better results. Thermal artefacts produced in much the same 
manner as non-uniform heating could also have been as a 
result of surface geometry. 
Noise saturation from the energy source is prevented in the 
original Thermoscope II system by a purposefully timed 
image capture which is microseconds after the release of 
energy. As manual synchronization proved difficult, the cold 
energy from the cooling system mitigated this problem of 
noise. 
The challenge of maintaining a high probability of 
detection could not be resolved within the time frame of this 
project. Various parameters were identified as sources of 
detection uncertainty or dimensional error. Surface condition 
and roughness could have also contributed to emissivity 
variations. Other error sources such as the mirror position, 
focal distance, reflectivity and “cleanliness” can be improved 
in future work. The flexibility of the system and the guide 
mechanism could have been enhanced with more time. 
Although the size of the system can be scaled down, this is 
however limited to the size of the camera and funds available. 
8, 16 and 32 mm 
diameter holes 
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9. Conclusion 
This project has established the technical feasibility of 
adapting thermographic systems for use in inaccessible areas 
through laboratory testing at the EPSRC Centre. The system 
is capable of identifying below surface service damages or 
features for a range of materials. The built prototype managed 
to achieve a technology readiness level four and is a viable 
proof of the concept of adapting thermography for use in the 
non-destructive inspection of inaccessible areas.  
The realization of a working prototype affirms the 
reliability and appropriateness of the approach taken. The 
development methodology is therefore recommended to be 
modelled in similar projects.  
Repetitive laboratory tests were carried out under near-
identical conditions in a bid to study and check variability; the 
synchronization of energy deployment with data capture and 
the non-uniformity of the energy source were however 
inhibited by human error. Results from these tests indicate 
that increased field of vision and cold thermal fronts 
significantly improve thermographic results. To achieve 
repeatability, the system would need to be mechanized; the 
use of a robot or a reference-positioned control guide should 
be considered in future. Laser based heating or high powered 
flash lamps should also be explored to deliver better 
uniformity and repeatability between experiments.  
Attempts to validate the prototype in a simulated 
operational environment revealed the uncertainty of the 
detection; this was influenced by the nature of the damage, the 
sensitivity of the test method for the application and human 
factors. Controlling outcomes when inspecting damages at 
unknown depths and unknown material properties (such as 
surface condition, geometry and emissivity) has proven 
challenging. Supporting the infrared thermography with 
induction heating can be explored to investigate the 
possibilities of generating more energy for this application. 
The premise for further development of this system is 
justified by the mobile facility, demonstrated for axle 
inspection on site. Further work to scale down the size of the 
prototype and allow 360 degree inspection is needed as the 
group was restricted by the budget to resolve this. At the time 
this project was carried out, there was a lack of miniature 
cameras which are compatible with Mosaiq software in the 
market. Nevertheless, a borescope system capable of 
inspecting service damages in inaccessible areas of equipment 
has been designed and built. The safe, fast and easy 
deployment of the built system shows considerable promise 
for an economic inspection means of subsurface service 
damage detection in inaccessible areas of metals and 
composites. 
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